An analytic strategy was followed to identify putative regulatory genes during the development of human hepatocellular carcinoma (HCC). This strategy employed a bioinformatics analysis that used a database search to identify genes, which are differentially expressed in human HCC and are also under cell cycle regulation. A novel cell cycle regulated gene (HURP) that is overexpressed in HCC was identified. Full-length cDNAs encoding the human and mouse HURP genes were isolated. They share 72 and 61% identity at the nucleotide level and aminoacid level, respectively. Endogenous levels of HURP mRNA were found to be tightly regulated during cell cycle progression as illustrated by its elevated expression in the G 2 /M phase of synchronized HeLa cells and in regenerating mouse liver after partial hepatectomy. Immunofluorescence studies revealed that hepatoma up-regulated protein (HURP) localizes to the spindle poles during mitosis. Overexpression of HURP in 293T cells resulted in an enhanced cell growth at low serum levels and at polyhema-based, anchorage-independent growth assay. Taken together, these results strongly suggest that HURP is a potential novel cell cycle regulator that may play a role in the carcinogenesis of human cancer cells.
Introduction
Hepatocellular carcinoma (HCC) is one of the most frequent malignant neoplasms in humans and is especially prevalent among Asian populations. Chronic infection with hepatitis B virus or hepatitis C virus, the ingestion of food contaminated with chemical carcinogens and the consumption of alcoholic beverages are considered to be the major risk factors for HCC development (Feitelson and Duan, 1997; Bosch et al., 1999; Boyer and Marcellin, 2000) . Molecular analyses have shown that the pathogenesis of HCC is a multifactorial process, in which the occurrence of somatic mutations, the loss of function of p53 or similar tumor suppressor gene(s), and activation or overexpression of certain proto-oncogenes may all play a role in the various stages (Su et al., 1994; Okuda, 2000; Tsou et al., 1998) . Furthermore, the presence of cirrhosis and other types of lesions add further complexity to the task of dissecting the molecular mechanisms of hepatocarcinogenesis.
In the postgenomic era, the emerging technologies of cDNA microarrays (Ferea and Brown, 1999; Okabe et al., 2001 ) and bioinformatics analysis of cDNA sequence databases make it possible to analyze global gene expression in different human cancer cells or tissues. Microarray studies have revealed that genes pivotal in cell cycle regulation may have important roles in tumorigenesis. Study of HCC gene expression profiles showed a group of mitosis-associated genes to be upregulated in the majority of the liver tumors examined (Okabe et al., 2001) . Independently, identification of mutations in the mitotic checkpoint genes BUB1 (Cahill et al., 1998) , Mad1 (Tsukasaki et al., 2001) , hsMAD2, and p55CDC (Takahashi et al., 1999) in human cancers strongly suggests that there is a significant correlation between M-phase control and tumor progression.
Over 9 million expressed sequences from diverse organ-, species-, and disease-oriented cDNA libraries have been deposited in the expressed sequence tag (EST) database, dbEST (http://www.ncbi.nlm.nih.gov/ dbEST/). The development of bioinformatics tools to analyze the EST database has become an important approach in the identification of candidate genes that may be preferentially expressed in cancer tissues. Combined data mining from both EST and microarray databases provides a unique opportunity to identify putative diagnostic and therapeutic targets for human cancer. Recently, we have collected over 180 000 ESTs derived from cDNA libraries of various human liver tissues including fetal liver, normal adult liver, precancerous liver, HCC, and cultured hepatoma cells. In this study, we searched for novel genes specifically present in the EST collection derived from human HCC tissues and also shown to have a cell cycle-dependent expression profile in microarray databases (Iyer et al., 1999) . Search results led to the identification and characterization of one novel cell cycle regulated gene, HURP.
Materials and methods

Database analysis
An NCBI UniGene database search for ESTs expressed in human liver-related cDNA libraries resulted in a set of 137 142 sequences. In addition, seven cDNA libraries were constructed from one normal adult liver tissue specimen and three pairs of specimens of HCC tumor tissues and their adjacent tissues. A total of 5615 sequences were collected from these seven libraries (http://lestdb.nhri.org.tw). According to the tissue origin of the cDNA libraries, these 142 757 ESTs were further grouped into five categories: fetal liver/spleen tissues (116 698), normal adult liver tissues (19 944), HCC-tumor (hepatoma) tissues (2694), tumor-adjacent normal tissues (2457), and HCC cell lines (964). The identities of these ESTs were searched against the UniGene Build#79 and Genbank (version on May 16, 1999) using NCBI blast software version 2.0. An EST was assigned to its UniGene group when it shared 85% sequence identity with a stretch of 100 base pairs (bp) from a known gene. We then searched for the cell cycle expression profile of each UniGene group in the database established by Iyer et al. (1999) . Iyer's database was compiled using a microarray system, which contains the expression profile of 8600 genes of normal human fibroblasts after serum stimulation.
Cloning of human and mouse HURP genes
Cloning of the full-length HURP cDNAs of human and mouse origin was accomplished by assembling EST clones using Sequencher software, PCR cloning, cDNA library screening, and RACE (Rapid Amplification of cDNA Ends). Human full-length cDNA of HURP was isolated from Hep3B, a cell line derived from HCC. A total of 13 mouse EST clones (AI592008, C88298, AI510131, AA162837, AI1550612, AA511899, AI552952, C78700, AA212615, AI605993, AI482307, AI427201, and AI563636) showed homology with human HURP sequences. Assembly of these ESTs generated a DNA fragment of 1759 bp with an overall similarity of 55% with human HURP. The missing 3 0 fragment (approximately 600 bp) was subsequently cloned from a mouse cDNA library.
5
0 -RACE generated clones with a longer 5 0 end, with the mouse hepatoma up-regulated protein (HURP) containing 808 amino acids. The results of investigation of the characteristics of human and mouse HURP are described in this paper.
Cell cultures, transfection and cell cycle synchronization
HeLa cells and human 293T cells from the American Type Culture Collection were maintained at 371C in a 5% CO 2 incubator and grown in DMEM medium supplemented with 10% heat-inactivated fetal bovine serum and 100 mg/ml penicillin/streptomycin (BRL). Stable transfectants of HURP were generated by transfecting 293T cells with pCMV2-FLAG-HURP and pTK-Hygo at a 9 : 1 ratio. Several stably transfected cell lines were isolated and cultured in the selective culture medium with hygromycin B (0.5 mg/ml).
Cells were synchronized at the G 1 /S boundary by thymidine and aphidicolin. Briefly, HeLa cells were cultured for 14 h in the presence of 2 mm thymidine (Sigma), released for 12 h in fresh medium, and finally arrested for 14 h in the presence of 1.6 mg/ml aphidicolin (Sigma). Cells were released from the aphidicolin block by changing to fresh culture medium in the absence of aphidicolin. The percentage of cells at different phases of the cell cycle was determined by flow cytometry (FACS analysis, Becton Dickinson FACStar Plus flow cytometer).
Liver regeneration
Experiments involving the regeneration of liver tissue were carried out in BALB/C mice. Mice were anesthetized and subjected to partial hepatectomy by the removal of left lateral and median lobes (70% liver resection) as previously described (Higgins and Anderson, 1931) . After the surgery, the animals were allowed to recover for times ranging from 15 min to 72 h. Animals were killed and liver samples were immediately frozen in liquid nitrogen and stored at À801C.
RNA preparation and real-time RT-PCR
Total RNA was isolated from cultured cells and the frozen tissues using an RNeasy kit (Qiagen) and a guanidium isothiocyanate/CsCl method, respectively. RNA was quantified by spectrophotometry at 260 nm. Complementary DNA (cDNA) was prepared from the total RNA of liver tissues, HCC samples, HCC cell lines and HeLa cells with SuperScript RNaseH 
Northern analysis of HURP in regenerating mouse liver
The expression patterns of HURP mRNA in regenerating mouse liver were studied using an RNA blot from regenerating mouse liver. The hybridization probe was fragment of the mouse (2014-2486 bp) HURP genes. Probe was labeled with [a-32 P]dCTP using the rediprimetII random prime labeling system (Amersham-Pharmacia) and the hybridization signal was quantified with a PhosphImager (Amersham-Pharmacia). Mouse b2-microglobulin, a housekeeping gene, was used as a loading control to normalize the hybridization signals from regenerating mouse liver RNA (Cressman et al., 1996) .
Antibodies
Human HURP cDNA was subcloned into the vector pET32 (Novagen) and expressed in Escherichia coli as His-tagged fusion protein. The protein was expressed as an inclusion body and solubilized with 2 m urea. The solubilized protein was partially purified by nickel agarose under denaturing conditions. The purified protein was then dialyzed to remove the denaturant as described in the manufacturer's manual. The recombinant protein was then injected into mice to raise polyclonal antibodies, which were used for immunofluorescence. An antibody to FLAG (M2 from Kodak) was used for the detection of HURP protein in the stable transfectants.
Indirect immunofluorescence analysis of HURP protein
Cells were trypsinized and seeded onto coverslips. After reaching 75% confluence, cells were washed with PBS twice and then fixed with methanol at À201C for 20 min. After airdrying, cells were incubated with polyclonal antibodies against HURP at room temperature for 2 h. In another experiment, HeLa cells were transfected with HURP-HA for 36 h and immunofluoresence was performed using HA antibody (3F10 from Roche). The coverslips were then washed three times with PBS and incubated with goat-anti-mouse-FITC or Texas Red (Jackson) and 1 mg/ml DAPI (Sigma). After washing with PBS containing 0.1% Tween 20, the samples were mounted. The fluorescence images on the coverslips were analyzed using a Zeiss microscope.
Nucleotide sequence accession numbers
The nucleotide sequence data of human and mouse HURP reported in this paper have been submitted to the DDBJ/ EMBL/GenBank nucleotide sequence databases with the Accession AB 076695 and AB 076696, respectively.
Assay for low serum growth
HURP stable clones or 293T cells were seeded in 96-well plates in quadruplicate and cultured with DMEM containing 0, 0.5 and 1% fetal bovine serum. After 1-6 days, MTT assay was used to quantitate cell growth. Briefly, 20 ml of 5 mm MTT (Sigma) was added and incubated with the cells for 4 h at 371C. After that, the media were removed and 100 ml of DMSO was added for 5 min at room temperature to extract the colorized product catalyzed by living cells. The end products with purple color were quantitated with a spectrophotometer (OD 570 nm).
The OD values were normalized with the value on day 1.
Polyhema-based anchorage-independent growth (AIG) assay
The AIG assay was modified according to previous reports (Kawada et al., 1997) . Briefly, 24-well plates were coated with various amounts of polyhema (Sigma) and left to dry at 371C for 3 days. The coated plate was irradiated with UV light in laminar flow before use. HURP stable clones and 293T cells were seeded in the polyhema-coated plates, and were photographed microscopically after 5 days.
Results
Identification of HURP gene
A human liver EST database containing 142 757 EST sequences was constructed by collecting EST sequences generated from various human liver cDNA libraries in the dbEST database. These ESTs were then grouped into five categories according to the tissue source of the cDNA library: fetal liver/spleen tissues, normal adult liver tissues, HCC-tumor tissues, adjacent nontumorous tissues, and HCC cell lines. A total of 256 UniGene groups that only were present in cDNA libraries of human HCC tissue were identified. Furthermore, a search of the gene expression profiles of these 256 UniGene groups in the microarray database established by Iyer et al. (1999) was carried out. This microarray database contains the expression profile of 8600 genes of normal human fibroblasts after serum stimulation. Only 32 UniGene groups were found and 12 of them were highly regulated during serum-induced cell cycle progression. Subsequent examination of the expression of these eight ESTs in six pairs of HCC tissues using RT-PCR identified five genes, including N32765, as having elevated expression in hepatoma tissues relative to adjacent nontumorous tissues (Table 1) . Among these five genes, N32765 showed the most distinct pattern of expression ( Figure 1 ) and we therefore designated N32765 as HURP. 
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447 523 In order to examine the function of HURP, human and murine HURP cDNAs were isolated. Cloning of a fulllength HURP cDNA of human and mouse origin was accomplished by assembling the EST clones using Sequencher software, PCR cloning, cDNA library screening, and 5 0 RACE. The human and mouse HURP cDNAs encoded 846 and 808 amino acids, respectively. They share 72% identity at the nucleotide sequence level and 61% identity at the amino-acid sequence level (Figure 2a) . The human HURP maps to chromosome 14q22-23 (Figure 2b) . Comparison of the cDNA and genomic sequence of chromosome 14 showed that HURP is organized into 19 exons displaying noncanonical intron/exon and exon/intron borders. Motif analysis revealed that HURP contains a putative leucine-rich nuclear export signal (NES), two destruction boxes (D-box), a KEN box, and a coiled-coil domain. In addition, a stretch of about 100 amino acids (432-537 in human HURP), termed the GH1 domain (Kim et al., 1997) , showed significant sequence similarity to GKAP (guanylate kinase associated protein), Caenorhabditis elegans U00058, and Drosophila Vulcan (Figure 2a) .
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Expression of HURP in normal human tissues
In order to determine whether HURP expression exhibits any tissue specificity, quantitative RT-PCR was used to examine a wide spectrum of human tissues. Among the tissues examined, the most abundant expression of HURP transcript was detected in the fetal liver followed by bone marrow, testis, colon, and the placenta (Figure 3) . Interestingly, normal liver tissue showed very little expression of the HURP transcript.
Expression of HURP is cell cycle regulated
To confirm whether the expression of HURP is cell cycle regulated as shown in the microarray database (Iyer et al., 1999) , the expression of HURP in synchronized HeLa cells was examined. HeLa cells were synchronized at G 1 /S by a thymidine/aphidicolin block, and total RNA was extracted from cells harvested at various times after release from G 1 /S transition for quantitative RT-PCR analysis. FACS analysis indicated that the cells entered the S phase at 6 h and reached the highest G 2 /M phase at 12 h. As shown in Figure 4a , the level of HURP transcripts was low at the G 1 /S transition and rose steadily as the cells progressed through S phase, G 2 /M and peaked at the time the cells exited from mitosis.
Expression of HURP is elevated during liver regeneration
To investigate whether the expression of HURP is related to growth control of hepatocytes, we analyzed HURP expression during mouse liver regeneration by B o n e m a r r o w P a n c r e a t i c P l a c e n t a P r o s t a t e B r a i n Northern blot. BALB/C mice were subjected to partial hepatectomy and total RNA was extracted from regenerating liver tissues at times ranging from 15 min to 72 h after hepatectomy. Northern blot analysis indicated that HURP mRNA level is very low in the normal resting liver (N). Significant induction of HURP expression was detected in the regenerating livers at 36, 48, and 72 h after partial hepatectomy (Figure 4b ).
Subcellular localization of HURP in spindle pole regions during mitosis
To explore the possible function of HURP during cell cycle progression, we examined its subcellular localization in HeLa cells by indirect immunofluorescence using a specific anti-HURP antibody. Endogenous HURP protein was detected in the cytoplasm, nucleus, and whole cells of cells in interphase and was localized to the spindle fibers in mitotic cells ( Figure 5 ). Closer examination of the cells from prophase to telophase showed distinct characteristics of the HURP protein. In prophase, HURP was detected in the centrosome with some fibers spreading outwards. In metaphase, HURP was found in the spindle fibers with a characteristic spindle-like cupped shape. When cells entered telophase and anaphase, HURP was not only found at spindle fibers, but also was observed in the interchromosomal spindles. Additionally, the same results were obtained when HeLa cells were transiently expressing HA-tagged HURP ( Figure 5 ).
HURP overexpression promotes cell survival in low serum and in polyhema-coated plates
To determine whether overexpression of HURP could confer any growth advantage to the cells, 293T cells stably transfected with HURP were established. Several stable transfectants expressing increased levels of HURP protein were selected (Figure 6a ) and characterized. The growth of parental 293T and HURP-stable transfectants in low serum medium and polyhema-coated plates was examined. Both cell lines grew very poorly in serum-free medium and failed to proliferate. In addition, parental 293T grew slowly in a medium containing 1% serum during the first 24 h and stopped growing next day. On the other hand, the HURP-stable transfectants proliferated at a steady rate in the low-serum media (0.5 and 1%) and reached a plateau with different saturation densities after 5 days in the respective culture media (Figure 6b ). We then examined whether the cells could grow in the plates coated with polyhema, which is an anti-cell adhesive substance that has been used to rapidly assay anchorage-independent growth (Kawada et al., 1997) . As shown in Figure 6c , parental 293T cells and HURP-stable transfectants could normally attach and grow in the uncoated plates. However, the parental cells could not grow in polyhema-coated plates. On the contrary, many HURP-stable transfectants were able to grow in the polyhema-coated plates, although fewer cells were observed on the plate coated with 2 mg/ml polyhema (approximately 25% cells compared to those grown on the uncoated plates) than on those of coated with 1 mg/ml polyhema (approximately 47% cells compared to those grown on the uncoated plates). Together, these results strongly suggest that overexpressed HURP protein may have the potential to exhibit oncogenic activity in supporting cell growth.
Discussion
This study used a bioinformatics approach to search for potentially important regulatory genes involved in growth control of human HCC. One potential novel cell cycle regulator, HURP, was identified and characterized. The exact biochemical properties of HURP
are not yet clear. However, our experimental data strongly suggest that HURP may play a critical role in the control of cell proliferation. Firstly, it was found that in six pairs of HCC tissues, HURP was consistently overexpressed in tumor tissues but was very low or undetectable in adjacent non-tumorous tissues. Secondly, in normal human tissues, HURP mRNA was only expressed at high levels in a subset of proliferating normal tissues such as fetal liver, colon, testis, and thymus (data not shown), but not in liver. Thirdly, in synchronized HeLa cells, the transcription activation of HURP was initiated at the middle of S phase and reached maximal level at the time the cells exited from mitosis. Similar transcriptional profiling of HURP has also been reported in primary foreskin fibroblasts (Cho et al., 2001) . Fourthly, in regenerating mouse liver, significant induction of HURP expression was detected at 36, 48, and 72 h after partial hepatectomy. It has been documented that partial hepatectomy at 36 h and 48-72 h represent the S and G 2 /M phase, respectively, of regenerating mouse liver (Cressman et al., 1996; Michalopoulos and DeFrances, 1997; Fausto, 2000) . Finally, the change in the subcellular localization of HURP during the cell cycle suggest that HURP may be involved in the control of M phase progression by modulation of the function of the spindle apparatus and its organization. In addition to the experimental evidence indicating that the HURP may be involved in the regulation of M phase progression, the HURP-stably transfected 293T cells manifested several general characteristics of tumor cells such as a higher saturation density (data not shown) and competent cell proliferation in low-serum medium and in polyhema-coated plates. Together, these characteristics of HURP are reminiscent of Aurora-A kinase, such as overexpression in human cancer cells and involvement of cell cycle division in M phase. In fact, HURP, Aurora-A, and cyclin B2 share similar expression patterns in HeLa cell cycle, mouse liver regeneration, and several microarray analyses, such as http:// expression.gnf.org, http://genome-www.stanford.edu/ Human-CellCycle/HeLa (Yu et al., in preparation). Furthermore, Aurora-A has been demonstrated to be oncogenic (Bischoff et al., 1998; Zhou et al., 1998) and can phosphorylate HURP (Yu et al., in preparation), suggesting HURP and Aurora-A might be functionally linked. In addition, protein motif analysis revealed that HURP contains several putative motifs related to cell cycle regulation, including 2 D boxes and a KEN box (Pfleger and Kirschner, 2000) . Further investigation has indicated that HURP is involved in the ubiquitinproteasome-mediated degradation pathway, which is a fundamental mechanism for cell cycle control (Zachariae and Nasmyth, 1999) . However, based on sequence alignment, HURP does not contain RING fingers or a HECT domain. These additional evidences further imply that HURP is a potential novel cell cycle regulator involved in M phase progression.
Liver regeneration and liver tumors (HCC) represent the proliferative status of an otherwise quiescent and highly differentiated organ. The critical steps required ) were seeded in 96-well plates with 0, 0.5, or 1.0% of fetal bovine serum. The cells were cultured for 1-6 days followed by MTT assay (OD 570 ) to quantitate the cell growth. Data were normalized against the OD 570 value on day 1 of each treatment. (c) Parental 293T cells and HURP-293T stable transfectants (5 Â 10 4 ) were seeded in 24-well plates, either coated (1 and 2 mg) or uncoated (0 mg) with polyhema. After 5 days, cells in the plates were photographed as described in Materials and methods. Both parental 293T cells and HURP-293T stable transfectants were able to proliferate in the uncoated plates; however, only HURP-293T stable transfectants grew in the polyhema-coated plates. Three HURP-stable transfectants were investigated in these experiments and all showed similar results. Panels b and c show the representative results for one stable clone for the transition from regulated to constitutive hepatocyte proliferation may set the stage for hepatocarcinogenesis. Various growth factors such as EGF, HGF, and IGF-1 have been shown to play an important role in proliferation of regenerating rodent hepatocytes (Michalopoulos and DeFrances, 1997; Fausto, 2000) . Recently, accumulated evidence has also demonstrated that modulation of cell cycle control genes downstream of growth factors can affect hepatocyte proliferation (Menjo et al., 1998) . Cyclin D1, in the absence of growth factors, was sufficient to promote cell cycle progression in cultured primary rat hepatocytes Hansen and Albrecht, 1999) . Moreover, cotransfection of cyclin E and skp2 synergistically promoted cell cycle progression in cultured hepatocytes and induced liver hyperplasia in BALB/C mice (Nelsen et al., 2001) . In contrast, the blocking of cell cycle progression with p21 overexpression in transgenic mice inhibited hepatocyte proliferation and liver regeneration (Wu et al., 1996) . Most of these studies, however, have focused on the regulation of G 1 phase whereas regulation of M phase progression has not been extensively investigated in regenerating hepatocytes. The biological activity of HURP presented here provides a new line of evidence that supports the likelihood that highly regulated compensatory growth can turn into uncontrolled hyperplasia by loss of cell cycle regulation during the M phase.
In conclusion, using a combination of databases searches and empirical data, we have identified a potential novel cell cycle regulator, HURP, whose expression is up-regulated during the M phase of the cell cycle. In addition, cells stably transfected with HURP appear to have the characteristics of tumor cells with a reduced dependence upon extracellular growth factors and the potential to exhibit anchorage-independent growth. Thus, overexpression of HURP in HCC may represent a consequence of deregulation, which can lead to cancer by allowing cells to progress through the cell cycle. Inhibition of the expression or the activity of HURP could theoretically revert cancer cells to a more normal phenotype.
Note added in proof
During the preparation of this manuscript, a novel protein KIAA0008 was reported (Bassal et al., 2001) . KIAA0008 lacks the first two exons when compared to the HURP gene sequence on chromosome 14 and hence resulted in a product shorter by 81 amino-acid residues at the N-terminus of the coding region (Figure 2a ).
